The transformation towards a knowledge-based bioeconomy has the potential to serve as a contribution to a more sustainable future. Yet, until now, bioeconomy policies have been only insufficiently linked to concepts of sustainability transformations. This article aims to create such link by combining insights from innovation systems (IS) research and transformative sustainability science. For a knowledge-based bioeconomy to successfully contribute to sustainability transformations, the IS' focus must be broadened beyond techno-economic knowledge. We propose to also include systems knowledge, normative knowledge, and transformative knowledge in research and policy frameworks for a sustainable knowledge-based bioeconomy (SKBBE). An exploration of the characteristics of this extended, "dedicated" knowledge will eventually aid policymakers in formulating more informed transformation strategies.
Introduction
In the light of so-called wicked problems (e.g., [1, 2] ) underlying the global challenges that deeply affect social, environmental, and economic systems, fundamental transformations are required in all of these sustainability dimensions. Therefore, solution attempts need to be based on a systemic consideration of the dynamics, complementarities, and interrelatedness of the affected systems [3] .
A relatively new and currently quite popular approach to sustainability transformations addressing at least some of these problems is the establishment of a bio-based economy: the bioeconomy concept relies on novel and future methods of intelligent and efficient utilization of biological resources, processes, and principles with the ultimate aim of substituting fossil resources (e.g., [4] [5] [6] [7] [8] [9] [10] [11] ). It is therefore frequently referred to as knowledge-based bioeconomy [11] [12] [13] . Whereas the idea of a bioeconomy is promoted both by academia and in policy circles, it remains unclear what exactly it is comprised of, how to spur the transformation towards a knowledge-based bioeconomy, and how it will affect sustainable development [14, 15] . While the development and adoption of novel technologies that help to substitute fossil resources by re-growing biological ones certainly is a condition sine qua non, a purely technological substitution process will hardly be the means to confront the global challenges [3, [16] [17] [18] [19] [20] . It must be kept in mind that a transformation towards a sustainable bioeconomy is only one important contribution to the overall transformation towards sustainability. We explicitly acknowledge that unsustainable forms of bio-based economies are conceivable and even-if left unattended-quite likely [21] . All the more, we see the necessity of finding ways to intervene in the already initiated transformation processes to afford their sustainability.
For successful interventions in the transformation towards a more sustainable bioeconomy, a systemic comprehension of the underlying dynamics is necessary. The innovation system (IS) perspective developed in the 1980s as a research concept and policy model [22] [23] [24] [25] [26] offers a suitable framework for such systemic comprehension. In the conventional understanding, according to Gregersen and Johnson, an IS "can be thought of as a system which creates and distributes knowledge, utilizes this knowledge by introducing it into the economy in the form of innovations, diffuses it and transforms it into something valuable, for example, international competitiveness and economic growth" ( [27] , p. 482). While welcoming the importance attributed to knowledge by Gregersen and Johnson and other IS researchers (e.g., [28] [29] [30] [31] [32] ), particularly in the context of a knowledge-based bioeconomy, in this article, we aim to re-evaluate the role and characteristics of knowledge generated and exploited through IS. We argue that knowledge is not just utilized by and introduced in economic systems, but it also shapes (and is shaped by) societal and ecological systems more generally. Consequently, especially against the backdrop of the required transformation towards a sustainable knowledge-based bioeconomy (SKBBE), that which is considered as "something valuable" goes beyond an economic meaning (see also [33] , on a related note). For this reason, it is obvious that the knowledge base for an SKBBE cannot be a purely techno-economic one. We rather see a need for exploring additional types of knowledge and their characteristics necessary for fostering the search for truly transformative innovation [16] .
From the sustainability literature, we know that at least three types of knowledge are relevant for tackling (wicked) problems related to transformations towards sustainability: Systems knowledge, normative knowledge, and transformative knowledge [34] [35] [36] [37] [38] . Undoubtedly, these knowledge types need to be centrally considered and fostered for a transformation towards an SKBBE.
In the course of this paper, we aim to clarify the meaning and the characteristics of knowledge necessary for sustainability-oriented interventions in the transformation towards a bioeconomy. To reach this aim, we will explore the following research questions:
• Based on a combination of IS research with the sustainability science perspectives, what are the characteristics of knowledge that are instrumental for a transformation towards an SKBBE? • What are the policy-relevant implications of this extended perspective on the characteristics of knowledge?
The article is structured as follows: Section 2 sets the scene by reviewing how knowledge has been conceptualized in economics. Aside from discussing in which way the understanding of the characteristics of economic knowledge has influenced innovation policy, we introduce the three types of knowledge (systems, normative, and transformative) relevant for governing sustainability transformations. Section 3 specifies the general meaning of these three types of knowledge, highlights their relevance and instrumental value for transformations towards an SKBBE, and relates them to the most prevalent characteristics of knowledge. Subsequently, Section 4 presents the policy-relevant implications that can be derived from our previous discussions. The concluding Section 5 summarizes our article and proposes some avenues for further research.
Knowledge and Innovation Policy
The understanding of knowledge and its characteristics varies between different disciplines. Following the Oxford Dictionaries, knowledge can be defined as "[f]acts, information, and skills acquired through experience or education" or simply as "theoretical or practical understanding of a subject" [39] . The Cambridge Dictionary defines knowledge as the "understanding of or information about a subject that you get by experience or study, either known by one person or by people generally" [40] . A more detailed definition by Zagzebski ([41] , p. 92) states that "[k]nowledge is a highly valued state in which a person is in cognitive contact with reality. It is, therefore, a relation.
On one side of the relation is a conscious subject, and on the other side is a portion of reality to which the knower is directly or indirectly related". Despite this multitude of understandings of knowledge, most researchers and policymakers probably agree with the statement that knowledge "is a crucial economic resource" ( [28] , p. 27). Therefore, the exact understanding and definition of knowledge and its characteristics strongly affect how researchers and policymakers tackle the question of how to best deal with and make use of this resource. Policymakers intervene in IS to improve the three key processes of knowledge creation, knowledge diffusion, and knowledge use (its transformation into something valuable). Policy recommendations derived from an incomplete understanding and representation of knowledge, however, will not be able to improve the processes of knowledge flow in IS and can even counteract the attempt to turn knowledge into something genuinely valuable.
Towards a More Comprehensive Conceptualization of Knowledge
A good example that highlights the importance of how we define knowledge is the understanding and treatment of knowledge in mainstream neoclassical economics. Neoclassical economists describe knowledge as an intangible good with public good features (non-excludable, non-rivalrous in consumption). Due to the (alleged) non-excludable nature of knowledge, new knowledge flows freely from one actor to another (spillover) such that other actors can benefit from new knowledge without investing in its creation (free-riding) [42] . In this situation, the knowledge-creating actors cannot fully benefit from the value they created, that is, the actors cannot appropriate the returns that resulted from their research activity (appropriability problem) [43] . There is no need for learning since knowledge instantly diffuses from one actor to another and the transfer of knowledge is costless. As Solow is often accredited with pointing out, knowledge falls "like manna from heaven" (see, e.g., [44, 45] with reference to [46, 47] ), and it can instantly be acquired and used by all actors [48] .
In contrast to mainstream neoclassical economics, (evolutionary or neo-Schumpeterian) innovation economists and management scholars consider other features of knowledge, thus, providing a much more appropriate analysis of knowledge creation and innovation processes. Innovation economists argue that knowledge can rather be seen as a latent public good [48] that exhibits many non-public good characteristics relevant for innovation processes in IS. Since these more realistic knowledge characteristics strongly influence knowledge flows, their consideration improves the understanding of the three key processes of knowledge creation, knowledge diffusion, and knowledge use (transforming knowledge into something valuable) [27] . In what follows, we present the latent public good characteristics of knowledge and structure them according to their relevance for these key processes in IS. Note that for the agents creating, diffusing, and using knowledge, we will use the term knowledge carrier in a similar sense as Dopfer and Potts ([49] , p. 28), who wrote that "the micro unit in economic analysis is a knowledge carrier . . . acquiring and applying knowledge".
Characteristics of knowledge that are most relevant in the knowledge creation process are the cumulative nature of knowledge (e.g., [50, 51] ), path dependency of knowledge (e.g., [52, 53] ), and knowledge relatedness (e.g., [54, 55] ). As the creation of new knowledge or innovation results from the (re-)combination of previously unconnected knowledge [56, 57] , knowledge has a cumulative character and can only be understood and created if actors already have a knowledge stock they can relate the new knowledge to [54, 58] . The more complex and industry-specific knowledge gets, the higher the importance of prior knowledge and knowledge relatedness (see also the discussions in [55, 59] ).
Characteristics of knowledge that are especially important for the knowledge diffusion process are tacitness, stickiness, and dispersion. Knowledge is not equal to information [60, 61] . In fact, as Morone [62] also explains, information can be regarded as that part of knowledge that can be easily partitioned and transmitted to someone else; information requires knowledge to become useful. Other parts of knowledge are tacit [63] , that is, very difficult to be codified and to be transported [64] . Tacit knowledge is excludable and, therefore, not a public good [65] . So, even if the knowledge carrier is willing to share, tacitness makes it impossible sometimes to transfer this knowledge [66] . In addition, knowledge and its transfer can be sticky [67, 68] , which means that the transfer of this knowledge requires significantly more effort than the transfer of other knowledge. According to Szulanski [67] , both knowledge and the process of knowledge exchange can be sticky. The reasons may be the kind and amount of knowledge itself but also attributes of the knowledge carriers. Finally, the dispersion of knowledge also influences the possibility of diffusing knowledge. Galunic and Rodan [64] explain dispersed knowledge by using the example of a jigsaw puzzle. The authors state that knowledge is distributed if all actors receive a photocopy of the picture of the jigsaw puzzle. In contrast, knowledge is dispersed if every actor receives one piece of the jigsaw puzzle, meaning that everybody only holds pieces of the knowledge but not the 'whole' picture. Dispersed knowledge (or systems-embedded knowledge) is difficult to be transferred from one to the other actor (as detecting dispersed knowledge can be problematic, too [64] ), thus hindering knowledge diffusion.
Characteristics of knowledge (and knowledge carriers) that influence the possibility to use the knowledge within an IS, that is, to transform it into something valuable, are the context specificity and local characteristics of knowledge. Even if knowledge is freely available in an IS, the public good features of knowledge are not necessarily decisive, and it might be of little or no use to the receiver. We have to keep in mind that knowledge itself has no value; it only becomes valuable to someone if the knowledge can be used, for example, to solve certain problems [69] . Assuming that knowledge has different values for different actors, more knowledge is not always better. Actors need the right knowledge in the right context at the right time and have to be able to combine this knowledge in the right way to utilize the knowledge. The "resource" knowledge might only be relevant and of use in the narrow context for and in which it was developed [64] . Moreover, to understand and use new knowledge, agents need absorptive capacities [70, 71] . These capacities vary with the disparity of the actors exchanging knowledge: the larger the cognitive distance between them, the more difficult it is to exchange and internalize knowledge. Hence, the cognitive distance can be critical for learning and transforming knowledge into something valuable [72, 73] .
Note that while we have described the creation, diffusion, and use of knowledge in IS as rather distinct processes, this does not imply any linear character or temporal sequence of these processes. Quite the contrary, knowledge creation, diffusion, and use and the respective characteristics of knowledge may overlap and intertwine in a myriad of ways. For example, due to the experimental nature of innovation in general and the fundamental uncertainty involved, there are path dependencies, lock-ins (for example, in terms of stickiness), and feedback that lead to evolutionary cycles of variation/recombination, selection, and transmission or retention of knowledge. Moreover, the vast literature on knowledge mobilization, knowledge translation, and knowledge transfer (e.g., [74] [75] [76] [77] ) suggests that there can be various obstacles between the creation, diffusion, and use of knowledge, and that so-called knowledge mediators or knowledge brokers may be required to actively guide these interrelated processes (see also [78] , on a related discussion). Consequently, we caution against reading the "trichotomy" of creation, diffusion, and use as connoting that knowledge will be put to good use by the carriers in the end so long as the conditions, such as social network structures, for diffusion are right. In fact, the notion of "optimal" network structures for diffusion may be misguided against the backdrop of the (in-)compatibility of knowledge, cognitive distance, and the dynamics underlying the formation of social networks [58] .
How Knowledge Concepts Have Inspired Innovation Policy Making
Depending on the underlying concept of knowledge, different schools of thought influenced innovation policies in diverse ways (see also [60, 79, 80] ). Following the mainstream neoclassical definition, the (alleged) public good characteristics of knowledge may result in market failure and the appropriability problem. As a consequence, policies have mainly focused on the mitigation of potential externalities and the elimination of inefficient market structures. This was done, for example, by incentive creation (via subsidies or intellectual property rights), the reduction of market entry barriers, and the production of knowledge by the public sector [81] . As Smith also states, "policies of block funding for universities, R&D subsidies, tax credits for R&D etc.
[were] the main instruments of post-war science and technology policy in the OECD area" ( [82] , p. 8).
Policies changed (at least to a certain extent) when the understanding of knowledge changed. Considering knowledge as a latent public good, the main rationale for policy intervention is not market failure, but rather systemic problems [81, 83] . Consequently, it can be argued that the mainstream neoclassical perspective neglects the importance (and difficulty) of facilitating knowledge creation, knowledge diffusion, and knowledge use in IS (see also [79, 80] , on a related note). Western innovation policies are often based on the IS approach and inspired by the more comprehensive understanding of knowledge and its implications for innovation. They generally aim at solving inefficiencies in the system (for example, infrastructural, transition, lock-in/path dependency, institutional, network, and capabilities failures as summarized by [83] ). These inefficiencies are tackled, for example, by supporting the creation and development of different institutions in the IS as well as fostering networking and knowledge exchange among the system's actors [81] . Since "knowledge is created, distributed, and used in social systems as a result of complex sets of interactions and relations rather than by isolated individuals" ( [84] , p. 2), network science [85] especially has provided methodological support for policy interventions in innovation networks [86] [87] [88] .
It is safe to state that innovation policies have changed towards a more realistic evaluation of innovation processes over the last decades [89] , although in practice, they often still fail to adequately support processes of knowledge creation, diffusion, and use. Even though many policymakers nowadays appreciate the advanced understanding of knowledge and innovation, what Smith wrote more than two decades ago is arguably still valid to some extent, namely that "linear notions remain powerfully present in policy thinking, even in the new innovatory context" ( [82] , p. 8). Such a non-systemic way of thinking is also reflected by the strongly disciplinary modus operandi which is most obviously demonstrated by the remarkable difficulties still present in concerted actions at the level of political departments.
Knowledge Concepts in Transformative Sustainability Science
Policy adherence to the specific knowledge characteristics identified by economists has proven invaluable for supporting IS to produce innovations. However, to what end? So far, innovation has frequently been implicitly regarded as desirable per se [3, 90, 91] and, by default, creating something valuable. However, if IS research shall be aimed at contributing to developing solution strategies to global sustainability challenges, a mere increase in innovative performance by improving the flow of economically relevant knowledge will not suffice [3] . In times of globally effective wicked problems challenging our current production and consumption patterns, it is evident that research into knowledge creation and innovation cannot be a task for economists or any other isolated discipline alone (see also [92] , on a related discussion). Additional types of knowledge particularly relevant for addressing wicked problems have been proposed by sustainability science in general and transformational sustainability research in particular [36] . Solution options for the puzzle of reconciling economic development with sustainability goals have been found to require three kinds of knowledge: First, systems knowledge, which relates to the understanding of the dynamics and processes of ecological and social systems (including IS); second, normative knowledge, which determines the desired (target) states of a system; and third, transformative knowledge, which builds on systems and normative knowledge to inform the development of strategies for changing systems towards the desired state [34] [35] [36] [37] [38] . Although there are alternative terms for these three types of knowledge (such as explanatory knowledge, orientation knowledge, and action-guiding knowledge, as used in [93] ), for the sake of terminological consistency with most recent publications, we adopt the terms systems knowledge, normative knowledge, and transformative knowledge.
The fundamental significance of these three kinds of knowledge (systems, normative, and transformative) for sustainability transformations has been put forward by a variety of research strands from theoretical [34, 35] to applied planning perspectives [94, 95] . Explorations into the specific characteristics in terms of how such knowledge is created, diffused, and used within IS, however, are missing so far. For the particular case of a dedicated transformation towards an SKBBE, we seek to provide some clarification as a basis for an improved governance towards desired ends.
Dedicated Knowledge for an SKBBE Transformation
A dedicated transformation towards an SKBBE can be framed with the help of the newly introduced concept of dedicated innovation system (DIS) [3, 16, 96] , which goes beyond the predominant focus on technological innovation and economic growth. DIS are dedicated to transformative innovation [97, 98] , which calls for experimentation and (co-)creation of solution strategies to overcome systemic inertia and the resistance of incumbents. In the following, we specify in what ways the IS knowledge needs to be complemented to turn into dedicated knowledge instrumental for a transformation towards an SKBBE. Such dedicated knowledge will thus have to comprise economically relevant knowledge as regarded in IS as well as systems knowledge, normative knowledge, and transformative knowledge. Since little is known regarding the meaning and the nature of the latter three knowledge types, we need to detail them and illuminate their central characteristics. This will help to fathom the processes of knowledge creation, diffusion, and use, which will be the basis for deriving policy-relevant implications in the subsequent Section 4.
Systems Knowledge
Once the complexity and interdependence of transformation processes on multiple scales is acknowledged, systemic boundaries become quite irrelevant. In the context of an SKBBE, systems knowledge must comprise more than the conventional understanding of IS in terms of actor configurations, institutions, and interrelations. As already stressed by Grunwald ([99] , p. 154), "sufficient insight into natural and societal systems, as well as knowledge of the interactions between society and the natural environment, are necessary prerequisites for successful action in the direction of sustainable development". Although the IS literature has contributed much to systems knowledge about several levels of economic systems, including technological, sectoral, regional, national, and global IS, the interplay between IS, the Earth system (e.g., [100, 101] ), and other relevant (sub-)systems (e.g., [102] [103] [104] [105] [106] ) must also be regarded as a vital part of systems knowledge in the context of sustainability and the bioeconomy. On that note, various authors have emphasized the importance of understanding systemic thresholds and tipping points (e.g., [107] [108] [109] [110] ) and network structures (e.g., [111, 112] ), which can thus be considered important elements of systems knowledge. In this regard, it may also be important to stress that systems knowledge is (and must be) subject to constant revision and change, because, as Boulding ([113] , p. 9) already emphasized, "we are not simply acquiring knowledge about a static system which stays put, but acquiring knowledge about a whole dynamic process in which the acquisition of the knowledge itself is a part of the process".
To give a prominent example which suggests a lack of systems knowledge in bioeconomy policies, we may use the case of biofuels and their adverse effects on land-use and food supply in some of the least developed countries [114, 115] . In this case, the wicked problem addressed was climate change due to excessive CO 2 emissions, and the solution attempt was the introduction of bio-based fuel for carbon-reduced mobility. However, after the first boom of biofuel promotion, emissions savings were at best underwhelming or negative since the initial models calculating greenhouse gas savings had insufficiently considered the effects of the biofuel policies on markets and production: whereas the carbon intensity of biofuel crop cultivation was taken into account, the overall expansion of the agricultural area and the conversion of former grasslands and forests into agricultural land was not [114, 115] . These indirect land-use change (ILUC) effects are estimated to render the positive effects of biofuel usage more than void, which represents a vivid example for how (a lack of) comprehensive systems knowledge can influence the (un)sustainability of bioeconomy transformations.
In accordance with much of the IS literature's focus on knowledge and the common intellectual history of IS and evolutionary economics (e.g., [23] ), it becomes clear that an economic system, in general, and a (knowledge-based) bioeconomy, in particular, may also be regarded as "a coordinated system of distributed knowledge" ( [69] , p. 413). Potts posits that " [k] nowledge is the solution to problems. A solution will consist of a rule, which is a generative system of connected components" ( [69] , p. 418f.). The importance of rules is particularly emphasized by the so-called rule-based approach (RBA) to evolutionary economics developed by Dopfer and colleagues (e.g., [49, [116] [117] [118] [119] [120] [121] ). According to the RBA, a "rule is defined as the idea that organizes actions or resources into operations. It is the element of knowledge in the knowledge-based economy and the locus of evolution in economic evolution" ( [49] , p. 6). As Blind and Pyka also elucidate, "a rule represents knowledge that enables its carrier to perform economic operations, i.e., production, consumption and transactions. The distinction between generic rules and operations based on these rules is essential for the RBA" ( [122] , p. 1086). According to the RBA, these generic rules may be further distinguished into subject and object rules: subject rules are the cognitive and behavioral rules of an economic agent, whereas object rules are social and technical rules that represent the organizing principles for social and technological systems [49, 118] . The latter include, for example, Nelson-Winter organizational routines [123] and Ostrom social rules (e.g., [124] [125] [126] ). From this brief summary of the RBA, it already becomes clear that an understanding of the bioeconomic systems' rules and their interrelations is an instrumental element of systems knowledge. Or, as Meadows puts it, "[p]ower over the rules is real power" ( [127] , p. 158).
Since it can be argued that the creation, diffusion, and use of systems knowledge is the classical task of the sciences [93, 99] , most of the characteristics of latent public goods (as outlined above) can be expected to also hold for systems knowledge in terms of its relatedness, cumulative properties, and codifiability. Special features to be considered when dealing with systems knowledge in the context of a transformation towards an SKBBE will be twofold: First, systems knowledge may be quite sticky, that is, it may require much effort to be transferred. This is owed to the fact that departing from linear cause-and-effect thinking and starting to think in systems still requires quite some intellectual effort on the side of the knowledge carrier (see also [128] , on a related note). Second, systems knowledge can be expected to be strongly dispersed among different disciplines and knowledge bases of great cognitive distances, such as-with recourse to the example of ILUC-economics, agricultural sciences, complexity science, and other (social and natural) sciences.
Normative Knowledge
According to Abson and colleagues ([35] , p. 32), "[n]ormative knowledge encompasses both knowledge on desired system states (normative goals or target knowledge. . . ) and knowledge related to the rationalization of value judgements associated with evaluating alternative potential states of the world (as informed by systems knowledge. . . )". In the context of an SKBBE, it becomes clear that normative knowledge must refer not only to directionality, responsibility, and legitimacy issues in IS (as discussed in [3] ) but also to the targets of the interconnected physical, biological, social, political, and other systems (e.g., [102] ). Thereby, for the transformation of knowledge into "something valuable" within IS (cf. [27] ), the dedication of IS to an SKBBE also implies that the goals of "international competitiveness and economic growth" (cf. [27] ) must be adjusted and re-aligned with what is considered something valuable in conjunction with the other interconnected (sub-)systems (for example, social and ecological ones) (see also [129, 130] on the related discussion about orientation failure in IS).
Yet, one of the major issues with prior systemic approaches to sustainability transformations, in general, seems to be that they tend to oversimplify the complexity of normative knowledge and value systems by presuming a consensus about the scale and importance of sustainability-related goals and visions [131] . As, for instance, Miller and colleagues [132] claim, "[i]nquiries into values are largely absent from the mainstream sustainability science agenda" ( [132] , p. 241). However, sustainability is a genuinely normative phenomenon [93] and knowledge related to norms, values, and desired goals that indicate the necessity for and direction of change is essential for the successful systemic change towards a sustainable bioeconomy (and not just any bioeconomy for the sake of endowing the biotechnology sector). Norms, values, and narratives of sustainability are regularly contested and contingent on diverse and often conflicting and (co-)evolving worldviews [3, [131] [132] [133] [134] [135] [136] [137] [138] .
Similar ambiguity can be observed in the context of the bioeconomy (e.g., [15, 139] ). When taking the complexity of normative knowledge seriously, it may even be impossible to define globally effective rules, norms, or values (in terms of a universal paradigm for an SKBBE) [21] . Arguably, it may be more important to empower actors within IS to "apply, negotiate and reconcile norms and principles based on the judgements of multiple stakeholders" ( [140] , p. 12). The creation of normative knowledge for an SKBBE can thus be expected to depend on different initial conditions such as the cultural context, whereas the diffusion of a globally effective canon of practices for an SKBBE is highly unlikely (see also [141] ). Normative knowledge for an SKBBE is, therefore, intrinsically local in character despite the fact that sustainable development is a global endeavor.
Moreover, the creation of normative knowledge is shaped by cultural evolutionary processes (e.g., [138, [142] [143] [144] [145] [146] [147] [148] [149] ). This means, for example, that both subject rules that shape the sustainability goals of the individual carriers (for example, what they consider good or bad) and object rules that determine what is legitimate and important within a social system or IS are subject to path dependence, competition, and feedback at the level of the underlying ideas (e.g., [58, 131, 150, 151] ). The diffusion of normative knowledge about the desired states of a system is therefore always contingent on its context specificity and dependent on cultural evolution. In Boyd and Richerson's words, "people acquire beliefs, attitudes, and values both by teaching and by observing the behavior of others. Culture is not behavior; culture is information . . . that, together with individuals' genes and their environments, determines their behavior" ( [145] , p. 74). While many object rules are codifiable as laws and formal institutions, most subject rules can be assumed to remain tacit so that normative knowledge consists of a combination of tacit and codified knowledge. Of course, "people are not simply rule bound robots who carry out the dictates of their culture" ( [145] , p. 72), but rules can often work subconsciously to evolve institutions (e.g., [152] ) and shared paradigms that span the "bounded performative space" of an IS (see, e.g., [3] , on a related note).
Consequently, when referring to normative knowledge and the constituting values and belief systems, we are not only dealing with the competition and evolution of knowledge at the level of rules and ideas driven by (co-)evolutionary processes across the societal sub-systems of individuals, the market, the state, civil society, and nature [106] . To a great extent, the cognitive distances of competing carriers within sub-systems and their conflicting strategies can also pose serious impediments to normative knowledge creation, diffusion, and use. This complex interrelation may, thus, be understood from a multilevel perspective with feedback between worldviews, visions, paradigms, the Earth system, regimes, and niches [153] .
Transformative Knowledge
Transformative knowledge can, in the context of this article, be understood as knowledge about how to accelerate and influence the ongoing transformation towards an SKBBE. As, for instance, Abson and colleagues [35] explain, this type of knowledge is necessary for the development of tangible strategies to transform systems (based on systems knowledge) towards the goals derived from normative knowledge. Theoretical and practical understanding must be attained to afford transitions from the current to the desired states of the respective system(s), which will require a mix of codified and tacit elements. Creating transformative knowledge will encompass the acquisition of skills and knowledge about how to effect systemic changes, or, as Almudi and Fatas-Villafranca put it, how to deliberately shape the evolutionary processes in other sub-systems (a mechanism referred to as promotion [106] ). Although wicked problems that necessitate these changes are most often global in nature, their solution strategies will have to be adapted to the local conditions [97] . While global concepts and goals for a bioeconomy may be relatively easy to agree upon, the concrete measures and resource allocation will be negotiated and disputed at the regional and local scales [154] . This renders transformative knowledge in IS exceptionally local.
In line with the necessity for a change of goals and values, scholars of the educational sciences argue that effective transformative knowledge will also require a revision of inherited individual value frames and assumptions on the side of the knowledge carriers themselves [155] . This process of fundamentally challenging personal worldviews inherent in the absorption of truly transformative knowledge makes this type of knowledge extremely sticky and inhibited by lock-ins and path dependence. For a transformation from a fossil to a bio-based economy, the collective habituation to a seemingly endless and cheap supply of fossil resources and the ostensibly infinite capacity of ecosystems to absorb emissions and waste must be overcome. In line with findings from cultural evolution and the RBA, sustainability education research has also pointed to the importance of acknowledging that human action is driven not only by cognitive knowledge but also unconsciously by "deeper" levels of knowing such as norms, assumptions, values, or beliefs [156] . Consequently, only when being effective on these different levels of consciousness can transformative knowledge unfold its full potential to enable its carriers to induce behavioral change in themselves, a community, or the society. Put differently, the agents of sub-systems will only influence the replication and selection processes according to sustainable values in other sub-systems (via promotion) if they expect advantages in individual and social well-being [106] .
Besides systems and normative knowledge, transformative knowledge thus requires the skills to affect deeper levels of knowing and meaning, thereby influencing more immediate and conscious levels of (cognitive and behavioral) rules, ideas, theories, and action [157, 158] . Against this backdrop, it may come as no surprise that the prime minister of the German state of Baden-Wuerttemberg, member of the green party, has so far failed to push state policies towards a mobility transformation away from individual transport on the basis of combustion technology. In an interview, he made it quite clear that although he has his chauffeur drive him in a hybrid car on official trips, in his private life he "does what he considers right" by driving "a proper car"-namely a Diesel [159] .
From what we have elaborated regarding the characteristics of transformative knowledge, we must conclude that its creation requires a learning process on multiple levels. It must be kept in mind that it can only be absorbed if the systemic understanding of the problem and a vision regarding the desired state are present, that is, if a certain level of capacity to absorb transformative knowledge is given. Furthermore, Grunwald [93] argues that the creation of transformative knowledge must be reflexive. In a similar vein, Lindner and colleagues stress the need for reflexivity in IS, and they propose various quality criteria for reflexive IS [130] . In terms of its diffusion and use, transformative knowledge is thought to become effective only if it is specific to the context and if its carriers have internalized the necessity for transformation by challenging their personal assumptions and values. Consequently, since values and norms have evolved via cultural evolution, transformative knowledge also needs to include knowledge about how to influence the cultural evolutionary processes (e.g., [133, [160] [161] [162] [163] ). To take up Brewer's culture design approach, "change processes can only be guided if their evolutionary underpinnings are adequately understood. This is the role for approaches and insights from cultural evolution" ( [160] , p. 69).
Policy-Relevant Implications

Knowledge-Related Gaps in Current Bioeconomy Policies
The transformation towards an SKBBE must obviously be guided by strategies derived from using transformative knowledge which is, by definition, based on the other relevant types comprising dedicated knowledge. We suspect that the knowledge which guided political decision-makers in developing and implementing current bioeconomy policies so far has, in some respect, not been truly transformative. Important processes of creating, diffusing, and using systems and, especially normative knowledge, have not sufficiently been facilitated. We propose how more detailed insights into the characteristics of dedicated knowledge can be used to inform policymakers in improving their transformative capacities. Based on the example of two common issues of critique in the current bioeconomy policy approaches, we will substantiate our knowledge-based argument. Bioeconomy policies have been identified (i) to be biased towards economic goals and, therefore, take an unequal account of all three dimensions of sustainability [21, [164] [165] [166] [167] [168] ; and, to some extent related to it; (ii) to only superficially integrate all relevant stakeholders into policy making [21, 165, [169] [170] [171] [172] [173] .
Bioeconomy policies brought forward by the European Union (EU) and several nations have been criticized for a rather narrow techno-economic emphasis. While using the term sustainable as an attribute to a range of goals and principles frequently, the EU bioeconomy framework, for example, still overemphasizes the economic dimension. This is reflected by the main priority areas of various political bioeconomy agendas which remain quite technocratic: keywords include biotechnology, eco-efficiency, competitiveness, innovation, economic output, and industry in general [14, 164] . The EU's proposed policy action along the three large areas (i) the investment in research, innovation and skills; (ii) the reinforcement of policy interaction and stakeholder engagement; and (iii) the enhancement of markets and competitiveness in bioeconomy sectors ( [174] , p. 22), reveals a strong focus on fostering economically relevant and technological knowledge creation. In a recent review [175] of its 2012 Bioeconomy Strategy [174] the European Commission (EC) did indeed observe some room for improvement with regard to more comprehensive bioeconomy policies by acknowledging that "the achievement of the interlinked bioeconomy objectives requires an integrated (i.e., cross-sectoral and cross-policy) approach within the EC and beyond. This is needed in order to adequately address the issue of multiple trade-offs but also of synergies and interconnected objectives related to bioeconomy policy (e.g., sustainability and protection of natural capital, mitigating climate change, food security)" ( [175] , p. 25).
An overemphasis on economic aspects of the bioeconomy in implementation strategies is likely to be rooted in an insufficient stock of systems knowledge. If the bioeconomy is meant to "radically change [Europe's] approach to production, consumption, processing, storage, recycling and disposal of biological resources" ( [174] , p. 8) and to "assure over the long term the prosperity of modern societies" ( [4] , p. 2), the social and the ecological dimension have to play equal roles. Furthermore, the systemic interplay between all three dimensions of sustainability must be understood and must find its way into policy making via systems knowledge. While the creation of systems knowledge within the individual disciplines does not seem to be the issue (considering, for example, advances in Earth system sciences, agriculture, and political sciences), its interdisciplinary diffusion and use seem to lag behind (see also [160] , on a related note). The prevalent characteristics of this knowledge relevant for its diffusion have been found to be stickiness and dispersal (see Section 3.1 above). To reduce the stickiness of systems knowledge and, thus, improve its diffusion and transfer, long-term policies need to challenge the fundamental principles still dominating in education across disciplines and across school levels: linear cause-and-effect thinking must be abandoned in favor of systemic ways of thinking. To overcome the wide dispersal of bioeconomically relevant knowledge across academic disciplines and industrial sectors, policies must encourage inter-and transdisciplinary research even more and coordinate knowledge diffusion across mental borders. This, in turn, calls for strategies that facilitate connecting researchers across disciplines and with practitioners as well as translating systems knowledge for the target audience (e.g., [74] ). Only then can systems knowledge ultimately be used for informing the creation processes of transformative knowledge.
This brings us to the second issue of bioeconomy policies mentioned above: the failure of bioeconomy strategies to involve all stakeholders in a sincere and open dialogue on goals and paths towards (a sustainable) bioeconomy [169, 170, 173] . Their involvement in the early stages of a bioeconomy transformation is not only necessary for receiving sufficient acceptance of new technologies and the approval of new products [168, 170] . These aspects-which, again, mainly affect the short-term economic success of the bioeconomy-are addressed well across various bioeconomy strategies. However, "[a]s there are so many issues, trade-offs and decisions to be made on the design and development of the bioeconomy, a commitment to participatory governance that engages the general public and key stakeholders in an open and informed dialogue appears vital" ( [168] , p. 2603; italics added). From the perspective of dedicated knowledge, there is a reason why failing to integrate the knowledge, values, and worldviews of the people affected will seriously impede the desired transformation: the processes of creation, diffusion, and use of normative knowledge and transformative knowledge are contingent on the input of a broad range of stakeholders-basically, of everyone who will eventually be affected by the transformation. The use of normative knowledge (that is, the agreement upon common goals), as well as the use of transformative knowledge (that is, the definition of transformation strategies), have both been identified to be intrinsically local and context-specific (see Sections 3.2 and 3.3). A policy taking account of these characteristics will adopt mechanisms to enable citizens to take part in societal dialogue which must comprise three tasks: offering suitable participatory formats, educating people to become responsible citizens, and training transdisciplinary capabilities to overcome cognitive distances between different mindsets as well as to reconcile global goals with local requirements. In this respect, there has been a remarkable development at the European level: while the German government is still relying on the advice of a Bioeconomy Council representing only the industry and academia for developing the bioeconomy policy [154] , the recently reconstituted delegates of the European Bioeconomy Panel represent a variety of societal groups: "business and primary producers, policymakers, researchers, and civil society organisations" ( [175] , p. 13). Unsurprisingly, their latest publication, the bioeconomy stakeholders' manifesto, gives some recommendations that clearly reflect the broad basis of stakeholders involved, especially concerning education, skills, and training [176] .
For a structured overview of the elements of dedicated knowledge and their consideration by current bioeconomy policy approaches, see Table 1 .
Promising (But Fragmented) Building Blocks for Improved SKBBE Policies
Although participatory approaches neither automatically decrease the cognitive distances between stakeholders nor guarantee that the solution strategies agreed upon are based on the most appropriate (systems and normative) knowledge [95] , an SKBBE cannot be achieved in a top-down manner. Consequently, the involvement of stakeholders confronts policymakers with the roles of coordinating agents and knowledge brokers [74, 75, 77, 177] . Once a truly systemic perspective is taken up, the traditional roles of different actors (for example, the state, non-governmental organizations, private companies, consumers) become blurred (see also [178] [179] [180] ), which has already been recognized in the context of environmental governance and prompted Western democracies to adopt more participatory policy approaches [181] . A variety of governance approaches exist, ranging from adaptive governance (e.g., [182] [183] [184] ) and reflexive governance (e.g., [130, 185] ) to Earth system governance (e.g., [18, 101, 186] ) and various other concepts (e.g., [107, [187] [188] [189] [190] ). Without digressing too much into debates about the differences and similarities of systemic governance approaches, we can already contend that the societal roots of many of the sustainability-related wicked problems clearly imply that social actors are not only part of the problem but must also be part of the solution. Against this background, transdisciplinary research and participatory approaches such as co-design and co-production of knowledge have recently gained momentum with good reason (e.g., [37, [191] [192] [193] [194] [195] [196] [197] [198] ) and are also promising in the context of the transformation towards an SKBBE. Yet, the question remains why only very few, if any, bioeconomy policies have taken participatory approaches and stakeholder engagement seriously (see, e.g., [170, 199] , on a related discussion). Intrinsically local, path-dependent, and context-specific; but sustainability as a global endeavor.
Partially considered.
Transformative knowledge
Know-how for challenging worldviews and developing tangible strategies to facilitate the transformation from current system to target system.
Knowledge about strategies to govern the transformation towards an SKBBE.
Local and context-specific, strongly sticky, and path-dependent.
To better acknowledge the characteristics of dedicated knowledge, we can propose a combination of four hitherto rather fragmented but arguably central frameworks that may be built on to improve bioeconomy policy agendas in terms of creating, diffusing, and using dedicated knowledge (note that the proposed list is non-exhaustive but may serve as a starting point for developing more adequate knowledge-based bioeconomy policies):
• Consider the roles of policymakers and policy making from a co-evolutionary perspective (see also [138] ), where the "state" is conceived as one of several sub-systems (for example, next to the individuals, civil society, the market, and nature) shaping contemporary capitalist societies [106] . Through the special co-evolutionary mechanism of promotion, political entities are able to deliberately influence the propagation (or retention) of certain knowledge, skills, ideas, values, or habits within other sub-systems and, thereby, trigger change in the whole system [106] .
• Take up insights from culture design (e.g., [133, [160] [161] [162] [163] 200] ) and findings on transmission and learning biases in cultural evolution (e.g., [201] [202] [203] ) that may help to explain and eventually overcome the stickiness and locality of both systems and normative knowledge and thereby increase the absorptive capacities of DIS actors for dedicated knowledge.
•
Use suggestions from the literature on adaptive governance such as the combination of indigenous knowledge with scientific knowledge (to overcome path dependencies), continuous adaptation of transformative knowledge to new systems knowledge (to avoid lock-ins), embracing uncertainty (accepting that the behavior of systems can never be completely understood and anticipated), and the facilitation of self-organization (e.g., [183, 184] ) by empowering citizens to participate in the responsible co-creation, diffusion, and use of dedicated knowledge.
• Apply reflexive governance instruments as guideposts for DIS, including principles of transdisciplinary knowledge production, experimentation, and anticipation (creating systems knowledge), participatory goal formulation (creating and diffusing normative knowledge), and interactive strategy development (using transformative knowledge) ( [130, 204] ) for the bioeconomy transformation.
In summary, we postulate that for more sustainable bioeconomy policies, we need more adequate knowledge policies.
Conclusions
Bioeconomy policies have not effectively been linked to findings and approved methods of sustainability sciences. The transformation towards a bioeconomy, thus, runs into the danger of becoming an unsustainable and purely techno-economic endeavor. Effective public policies that take due account of the knowledge dynamics underlying transformation processes are required. In the context of sustainability, it is not enough to just improve the capacity of an IS for creating, diffusing, and using economically relevant knowledge. Instead, the IS must become more goal-oriented and dedicated to tackling wicked problems [3, 205] . Accordingly, for affording such systemic dedication to the transformation towards an SKBBE, it is central to consider dedicated knowledge (that is, a combination of the understanding of economically relevant knowledge with systems knowledge, normative knowledge, and transformative knowledge).
Drawing upon our insights into such dedicated knowledge, we can better understand why current policies have not been able to steer the bioeconomy transformation onto a sustainable path. We admit that recent policy revision processes (e.g., [173, 175, 176, [206] [207] [208] )-especially in terms of viewing the transition to a bioeconomy as a societal transformation, a focus on participatory approaches, and a better coordination of policies and sectors-are headed in the right direction. However, we suggest that an even stronger focus on the characteristics of dedicated knowledge and its creation, diffusion, and use in DIS is necessary for the knowledge-based bioeconomy to become truly sustainable. These characteristics include stickiness, locality, context specificity, dispersal, and path dependence. Taking dedicated knowledge more seriously entails that the currently most influential players in bioeconomy governance (that is, the industry and academia) need to display a serious willingness to learn and acknowledge the value of opening up the agenda-setting discourse and allow true participation of all actors within the respective DIS. Although in this article, we focus on the role of knowledge, we are fully aware of the fact that in the context of an SKBBE, other points of systemic intervention exist and must also receive appropriate attention in future research and policy endeavors [127, 209] .
While many avenues for future inter-and transdisciplinary research exist, the next steps may include
• enhancing systems knowledge by analyzing which actors and network dynamics are universally important for a successful transformation towards an SKBBE and which are contingent on the respective variety of a bioeconomy, • an inquiry into knowledge mobilization and, especially the role(s) of knowledge brokers for the creation, diffusion, and use of dedicated knowledge (for example, installing regional bioeconomy hubs), • researching the implications of extending the theory of knowledge to other relevant disciplines, • assessing the necessary content of academic and vocational bioeconomy curricula for creating bioeconomy literacy beyond techno-economic systems knowledge, • applying and refining the RBA to study which subject rules and which object rules are most important for supporting sustainability transformations, • and many more. Funding: This research received no specific grant but A.P. and M.M. gratefully acknowledge financial support from the Dieter Schwarz Stiftung.
